To examine the effect of diet on luteinizing hormone (LH) secretion, basal and luteinizing hormone releasing hormone (LHRH)-induced LH release was compared in intact or castratedestradiol-1713 implanted Finn-Dorset lambs. Ten to 12 wk old ram (n=20) and ewe lambs (n=20) were maintained under a 8L:16D photoperiod and fed for high (HG, 163 to 168 g/d) or low (LG, 76 to 103 g/d) rates of gain. Eight to 10 wk later, baseline LH concentrations were determined in blood samples collected at 20 min intervals for 7 h. The following day, lambs were given an iv injection of 5 gig of estradiol-1713 followed within 4 h by LHRH (.5 or 2.5 gig). Baseline concentrations of LH for HG ewes were threefold greater than for LG ewes (4.2 vs 1.4-ng/ml), respectively. Time to peak response was inversely related to dietary energy level (P<.025). Basal LH levels were similar across diets in rams. Total LH release following LHRH was dose-dependent (P<.005).
Introduction
Substantial evidence in humans and rats indicates that nutrition and sexual maturity are coupled through some aspect of gonadotropin secretion (Ojeda, 1980) . Similarly, in the ewe lamb, changes in growth rate and attainment of a threshold body weight affect both age at puberty and luteinizing hormone (LH) concentrations . The mechanisms by which diet modulates basal LH secretion, however, are unclear. Howland and lbrahim (1973) proposed a model for the rat that suggests that sensitivity to the feedback effects of gonadal steroids affects plasma LH concentrations. Both female and male rats on a low plane of nutrition are more sensitive to the inhibitory effects of steroids. Because estradiol is an important component for the regulation of secretion in ewes (Karsch et al., 1980) and rams (Schanbacher, 1980; D'Occhio et al., 1983) differences to steroid feedback may be involved in the effects of diet on LH secretion in the ewe and ram lamb. One objective of the following series 460 JOURNAL OF ANIMAL SCIENCE, Vol. 59, No. 2, 1984 of experiments was to test whether dietary effects on LH secretion of ewe and ram lambs were associated with differences in negative feedback to estradiol. Furthermore, to elucidate whether the effects on LH were at the pituitary level, LH release was measured after injection of luteinizing hormone releasing hormone (LHRH) to intact steroid injected or castrated, steroid-implanted lambs.
Materials and Methods
Exp. I. This experiment was conducted to examine the init'i-al effects of the diets on LH secretion of intact lambs. Pituitary sensitivity to LHRH was t~sted after estradiol priming, which helps stabilize endogenous pulsatile LH release (Foxcroft, 1978) .
Forty Finn x Dorset lambs were born in April in either a controlled lighting environment (8L: 16D; lights on 0730) or ambient conditions. Lambs were moved to 8L:16D at 6 to 8 wk of age and remained under this light regimen for the duration of the study. Twenty ewes and 20 rams, stratified by body weight and sex, were assigned randomly by pairs to two diet groups (n=10). Beginning at 10 to 20 wk of age, lambs were fed ad libitum either a high (HG) concentrate to forage diet (80%:20%) or low (LG) concentrate to forage diet (30%:70%). Diets were completely balanced nutritionally, differing only in energy content and were composedof average quality mixed hay as the forage component with shelled corn, soybean meal plus trace mineralized salt in the appropriate proportions by weight. These diets supplied 60 to 80% TDN and 16 to 17% protein on a dry matter basis. Lambs were weighed weekly. Scrotal circumference was measured by the same person on alternate weeks. Following an 8 to 10 wk feeding period, blood samples (3 ml) were collected for 7 h between 0900 and 1600 h every 20 min (7 h x 20) from jugular catheters (Jellco, Miami). On the following day, lambs were given 5 gig (1 ml) of estradiol-173 (85:15 v/v propylene glycol:sterile saline) via the catheter at 0900 h. Luteinizing hormone releasing hormone (NIAMDD) was administered iv 4 h later (1300) to groups of lambs (n=5) at a dose of .5 or 2.5 gig in .5 ml of sterile saline. Blood samples were again taken (3 h • 10).
Exp. II. This experiment was conducted to examine LH concentrations in lambs after castration, estradiol replacement and treatment with LHRH. Twenty-four Finn x Dorset lambs (12 rams, 12 ewes) maintained under similar management conditions described above were stratified by weight and sex, and assigned randomly to the diets at 10 to 12 wk of age. Body weight and scrotal circumference were taken as indicated previously. After the 8 to 10-wk feeding period, lambs were castrated under general halothane anesthesia. Ovaries and testes were weighed. Epididymal fluid was examined by light microscopy for the presence of sperm. A single blood sample was taken from the jugular vein before surgery and on mornings (0900 to 1000 h) and afternoons (1400 to 1500 h) for five consecutive days. Three weeks after castration, frequent jugular catheter blood samples were taken (6 h x 20). Subcutaneous silastic implants (22 mm length; .34 cm id x .46 cm od) of crystalline estradiol-17/3, presoaked 24 h in saline, were inserted in the pelvic area. Morning and afternoon blood samples were collected for a 7-d period. On d 8, lambs were bled (3 h x 20) before and after (3 h x 10) an iv injection of .5/lg of LHRH.
Hormone Assays. Luteinizing hormone concentrations were determined using antisera'#15 (Niswender et al., 1969) as previously used in our laboratory . National Institutes of Health ovine LH S-19 was used as the reference standard in the range of .05 to 4.0 ng. Pooled ovine plasma samples were parallel to standards at 50, 150 and 200vl. Luteinizing hormone concentrations from samples exceeding the standard curve were assayed at smaller volumes. Intra-and interassay variation ranged from 9 to 15% and 12 to 21%, respectively, for n= 18 assays.
Estradiol-173 was determined by a modified charcoal-dextran radioimmunoassay . Plasma samples (1250 gtl) were extracted by vortexing for 1 min with 5 ml benzene:methanol (2:1 v/v). Extracts were dried, resuspended in 200 ~ul of solvent and eluated on Sephadex-LH-20 columns with benzene:methanol (90:10 v/v). Approximately 1,000 cpm of [3H] -estradiol was added to each unknown for calculation of internal recovery. Recoveries averaged 65 to 78%. Plasma extracts from wethers were used as the blank to adjust all unknowns for plasma effects. The lower limit of detection ranged from .8 to 1.25 pg and the midpoint of the standard curve was 6.0 pg. Variation between ovine plasma pools replicated for each assay averaged 7 to 15% within assays (n=4) and 16 to 22% across assays.
Statistical Analysis. Basal LH concentrations measured over time were analyzed by a split-plot analysis of variance for repeated measurements (Gill, 1978) . Treatments were HG vs LG diets, with lambs as the incomplete block and the effect of time as the blood sampling interval. Sexes were analyzed separately. The F-value was calculated by comparison of the treatment mean square with mean square of lambs within treatments. Luteinizing hormone concentrations for each lamb were further compared by partition of hormone profiles into the mean (average concentration per sampling interval), peak secretion (peak height minus basal), frequency (pulses per unit time) and pulse interval (time between successive pulses). A pulse of hormone was defined as an increment of LH in two successive samples that exceeded the previous and subsequent sample by twice the assay variation . Luteinizing hormone responses after LHRH were analyzed by analysis of variance for differences in time to peak, peak levels and total LH. Total LH was defined as the sum of LH concentrations between +10 to +!80 rain post-LHRH for each lamb. Student's t-test or an F-test were used to contrast pairs of means. Linear regression techniques (Snedecor and Cochran, 1967) were used to compare LH changes after castration or after estradiol replacement to castrates and all growth related variables.
Results
Exp. L Average daily gain (g/d) was lower (P<.001) for ewes (163 + 12 vs 76 + 12) or rams (168 -+ 20 vs 103 + 14) fed the LG diet than for those fed the HG diet. Despite this reduction in growth, testicular circumference adjusted for average daily gain by regression analysis was similar for rams on HG (1.2 + .4 mm'kg --Ts "d -1 ) or LG (1.3 + .2 mm'kg -'Ts "d -1 ) treatments.
Basal LH concentrations of ewes were lower for the LG than in the HG-treated groups (table  1) . Differences in basal LH were due to a threefold reduction (P<.025) in mean LH concentrations as well as lower peak LH levels. Pulse intervals tended to be longer (P<.08) in LG ewes. No changes due to diet in basal LH concentrations were observed in rams (table 1) .
Main effects of diet and dose of LHRH on LH secretions are given in table 2. Peak LH concentrations were achieved earlier (P<.025) in HG (18.0 min) compared with LG (25.0 min) ewes. A dose of 2.5 /ag LHRH advanced the peak LH response by about 13.0 min (P<.005) and resulted in higher (P<.07) peak LH concentrations (74.7 vs 19.6 ng/ml) compared with .5/ag, respectively.
For rams, total LH released after LHRH was greater (P<.005) for HG (1,801 ng/3 h) than for LG (529 ng/3 h) lambs. This effect on total LH release was dose-dependent (P<.005) and Exp. IL High rate-of-gain lambs of both sexes gained 43 to 46% more than LG lambs for the 8-wk period. Changes in both testicular circumference (.8 -+ .3 vs 1.1 + .5 mm'kg -'Ts "d -1 ) and mass of testis/kg body weight at castration (4.2 +-.7 vs 4.8 -+ .8 g/kg) were similar for HG and LG rams, respectively, Epididymides from every ram contained spermatozoa. Two of six ewes from each dietary treatment had corpora lutea at castration. The remaining eight lambs were nonovulatory. Ovarian weight (mg/kg) of these prepubertal lambs was greater (P< .025) for HG (34.1 -+ 3.0) than for LG (14.4 + 2.8) treatments.
Luteinizing hormone concentrations increased at the same rate between diet groups within sex for the initial 5 d after castration. Average LH concentrations 3 wk posteastration were similar for ewe (19.6 -+ 6.1 vs 27.7 +-9.8) lambs fed HG and LG diets, respectively. Subcutaneous implants of estradiol produced an average estradiol concentration of 4.8 -+ 1.8 pg/ml, which exceeded single plasma determinations of intact ewes (1.0 +-.5 pg/ml) or rams (1.1 -+ .2 pg/ml). There were no differences in implant concentrations of estradiol between diet groups. Luteinizing hormone concentrations were reduced (P<.01) within 5 to 7 d following implants (figures 1 and 2). Concentrations of LH averaged 4.3 + .8 pg/ml from ewe lambs on d 5. Luteinizing hormone concentrations in the estradiol-implanted rams, however, remained at i0 to 11 ng/ml; and exceeded the basal (1 to 4 ng/ml) levels of intact rams (table 3) .
Diet had no effect (figures 1 and 2) on the sensitivity to the inhibition of LH by estradiol at the dose of steroid tested. However, ewes were more sensitive than rams with respect to LH inhibition by estradiol as shown by the steeper slope (-.2372 vs -.1047) calculated from the pooled regression lines for each sex.
Analysis of variance of basal LH levels 8 d after implants revealed higher (P<.01) LH concentrations in LG than in HG ewes. These differences were due to an increase (P<.05) in both mean and peak LH concentrations (table  3) . Pulse intervals were unaffected.
The effect of administration of .5 /~g of LHRH to estradiol-implanted lambs is presented in altered peak LH response in both ewes and rams. Peak response was twofold greater in LG ewes (94.5 vs 43.8 ng/ml) and 37% more in LG rams (103.3 vs 75.2 ng/ml) than in HG ewes and rams, respectively.
Discussion
These data support observations of previous studies with ewe lambs that demonstrate diet affects LH concentrations and also provide further evidence that help explain the effects of nutrition on age at first ovulation in the ewe . However, in rams neither basal LH levels, testicular growth nor the presence of spermatozoa in the epididymides were affected by these same diets. A difference in sensitivity to LHRH, however, was shown in rams, sug- Dietary effects on basal LH secretion in the ewe were not the result of increased negative feedback inhibition by estradiol as demonstrated in rats (Howland, 1972; Howland and Ibrahim, 1973 ). This conclusion is based on two experimental observations. First, the rate of increase in LH after castration, a measure of the degree of ovarian restraint on LH, was unaffected by diet. Estradiol is a predominant ovarian hormone inhibiting LH in sheep (Cumming, 1975) . Secondly, the rate of decrease in LH concentrations after replacement of estradiol to the castrates was similar between treatment groups.
Sex
An alternative explanation for lower LH concentrations in LG diet groups may involve direct effects on the hypothalamic pulse generator (Gallo, 1980) . Hypothalamic releasing factors controlling gonadotropin secretion are decreased by undernutrition in female and male rats (Negro-Villar et al., 1971) . Further, it has been demonstrated that complete starvation of female rats reduces LH secretion within 9 d after castration (Ibrahim and Howland, 1972) . Despite such observations from another species, no differences were observed in LH levels after castration in lambs from these experiments. Because pulsatile LH secretion was not affected by diet, a direct effect of diet on hypothalamic function appears unlikely to explain these results.
Because differences in basal and LHRHinduced LH secretion between diet groups could be demonstrated only for intact or castrated, steroid-implanted lambs, gonadal modulation remains an important consideration. It might be argued that the failure to demonstrate sensitivity differences to estradiol in these studies resulted from the 2.5-to threefold higher estradiol levels of the implanted vs intact lambs. Such a large increase in steroid concentrations could have masked the detection of any small differences in steroid sensitivity because Foster and Ryan (1979) have shown that ewe lambs are very sensitive to estradiol negative feedback. While LH levels in HG lambs of Exp. II appeared lower than LH levels of intact lambs from Exp. I, supporting the argument of hypersensitivity to estradiol implants, significantly higher basal and LHRHinduced LH patterns were observed 8 d after estradiol implants in the low gaining lambs. This reversal of LH patterns in the two diet groups, despite similar estradiol concentrations between diet treatments, suggests that estradiol can enhance as well as inhibit LH secretion. Estradiol as both a negative and positive regulator of LH secretion has been demonstrated in vivo and in vitro for a variety of physiologic situations (Labrie et al., 1978) .
This apparent paradoxical facilitation of LH secretion by estradiol in the low-gain lambs from Exp. II may be rationalized if it is assumed that developmental patterns of estradiol differs between low and rapidly gaining lambs. Although a single plasma determination of basal estradiol was similar for both diet groups in the present experiment, we and others (Quirke et al., 1981) have previously observed numerous periods of elevated estradiol in the blood throughout normal development of lambs. Similar episodes of elevated estradiol have been observed in prepubertal rats (Ramaley, 1979) . It has been shown in the rat that disruption of this pattern of estradiol secretion with estradiol antisera (Wuttke et al., 1976) can inhibit pulsatile LH release, suggesting that estradiol is necessary to stimulate LH secretion during normal sexual maturation. An hypothesis by Ronnekliev et al., (1978) and supported by previous studies (Howland, 1976) suggests that undernutrition in rats directly alters their ovarian sensitivity to gonadotropins, limits estradiol production and ultimately delays the onset of sexual maturation. If similar circumstances occur in the lamb, direct dietary effects on estradiol production in the low gaining lamb may contribute to lower LH levels. Restoration of sufficient estradiol would be expected (and did) to enhance LH secretion. Maintenance of elevated estradiol in low gain lambs increased LH secretion in part by changing pituitary sensitivity to LHRH within 8 d. Thus, while basal levels of estradiol are necessary to maintain negative feedback control of LH secretion as shown by Exp. II, periods of high estradiol may also be required to enhance LH secretion. The stimulation of LH would further enhance ovarian estradiol. This step-up type system, analagous to estrogen-LH interactions preceding LH surges in the cycling animal, would presumably lead to first ovulation. Although direct evidence was not presented in the experiment for a change in ovarian sensitivity, the significant reduction in ovarian weight in LG ewes indirectly suggests such a dietary effect. In support of this observation in lambs, ovarian atrophy (Piascek and Meites, 1967) or failure of ovarian compensatory hypertrophy (Howland, 1971) in rats given low dietary energy levels have been associated with direct effects on gonadal sensitivity to gonadotropins.
Results from these studies also suggest that rams are less sensitive to estradiol feedback of LH concentrations than ewes. These results support previous observations for a role of estrogen in feedback control of LH for both sexes (McEwen, 1980) . The involvement of testosterone or other testicular factors (Hafs and McCarthy, 1978; Schanbacher, 1982) must be considered because basal LH levels comparable with intact controls were never achieved by the estradiol concentrations from the implants alone. The significance of estradiol enhancement of peak LH responsiveness to LHRH in rams is unclear.
The study of sexual maturity in a number of species has provided evidence for the importance of diet during maturation. Hafez (1952) first suggested that a minimum body weight was critical for first ovulation in the lamb. Allan and Lamming (1961) showed that lambs reared on a high plane of nutrition had increased uterine and pituitary weight and marked thyroid development. A model that relates growth and body development to sexual maturity has been proposed based on data from the rat (Frisch, 1980) . This model states that a critical body fatness or state of condition may be an important criterion for age at first ovulation. This model has been extended to help explain the onset of sexual maturation in women (Chipman, 1980) . At variance, however, with the theory of critical body weight modulating puberty are more recent experiments by Ramaley and Phares (1980) . In that study, rats treated with Spirometra mansonoides (tapeworm) had normal growth rate because of "sommatomedin like" activity of the organism, yet were significantly older at vaginal opening. Serum concentrations of growth hormone (GH) and prolactin (PRL) were significantly suppressed in treated rats. Conversely, injection of GH or PRL prevented the delay in maturity. These data suggest that growth rate per se is not a factor governing maturation, rather change in GH or PRL are important. Other studies have also demonstrated dietary effects on GH and PRL secretion (Piascek and Meites, 1967) . Growth hormone rhythms may first become functional during the transition to sexual maturity. Further, GH can affect both testicular (Zipf et al., 1978) and ovarian sensitivity (Advis and Ramirez, 1977) to gonadotropin secretion. Because GH concentrations in the blood are affected by level of nutrient intake in sheep (Forbes et al., 1979) , it would be of interest in future studies to determine whether the effect of diet on ovarian development of the lambs reported herein is related to GH secretion.
In summary, these data are interpreted to indicate that lambs fed a diet that decreases their growth rate affects LH secretion in the ewe more readily than in rams. Because the capacity to secrete LH in the castrate was not different between diet groups, a direct effect of diet on hypothalamic-pituitary function appears unlikely to explain the changes in LH concentrations. Furthermore, evidence presented from the castration study and replacement of estradiol to castrates fails to substantiate the hypothesis that differences to estradiol negative feedback on I~-H secretion mediates these nutritional effects. While some estradiol maintains basal LH levels in ewes and contributes to feedback regulation in rams, estradiol can facilitate LH release in low gaining lambs. These dietary effects are mediated in part by changing sensitivity to LHRH. Based on our observations and those presented for other species, it is speculated that changes in growth rate directly affect ovarian function by modulating estradiol production.
